Polarization-controlled synchrotron radiation was used to map the electronic structure of buried conducting interfaces of LaAlO 3 /SrTiO 3 in a resonant angle-resolved photoemission experiment.
1
Complex-oxide interfaces exhibit a broad spectrum of electronic properties and complex phase diagrams and have thus attracted considerable attention. A particularly interesting example is the appearance of 2-dimensional (2D) conductivity at the interface between the band insulators LaAlO 3 (LAO) and SrTiO 3 (STO) [1] [2] [3] above a critical LAO thickness of 3 unit cells (u.c.) [4] . As revealed by ab-initio calculations [5, 6] , the mobile electron charge of this 2-dimensional system (2DES) is confined in conduction bands of 3d t 2g orbital character extending over a few STO layers from the interface and is thus very different from that of doped STO bulk. However, the detailed characteristics of these conduction bands crucially depend on the amount of carriers present at the interface. It follows that a comparison between observed and calculated electronic properties of the interface only makes sense if referred to the same carrier concentration.
The band structure calculated for 0.5 electrons per u.c. (3.5×10 14 e/cm 2 ), that is the value needed to suppress the "polar catastrophe" due to the diverging potential in polar LAO [7] , is often taken as "reference". In fact, the experimentally determined mobile carrier density in LAO/STO is always much smaller than that. Typical experimental values reported for the 2D-carrier density, n s , measured by Hall effect at 100 K are between 10 13 and 10 14 e/cm 2 [8] . This suggests an important partial charge localization or other charge-compensating mechanisms such as surface passivation or reconstruction [9, 10] .
Direct access to the electronic band structure is a crucial step towards the full understanding of complex-oxide interfaces. Angle-resolved photoemission spectroscopy (ARPES) is a powerful technique which yields a map of photoelectron intensities as a function of their kinetic energies and momentum, revealing the electronic structure in solids. Recent ARPES studies on bare STO surfaces [11] [12] [13] have shown the formation of a 2DES which appears to have similar properties to those of the LAO/STO interfacial conducting layer. Photoemission spectroscopy of buried interfaces is more challenging due to the small inelastic electron mean free path in solids, which, over a wide range of photon energies (hν), is of the order of 1 nm. However, it was shown recently that a combination of soft x-ray photoemission with resonant photoexcitation [14] [15] [16] [17] [18] can overcome this limitation. By selecting hν at the Ti L edge, the signal of the Fermi states associated with conducting electrons is greatly enhanced in LAO/STO interfaces. Berner and coworkers [18] were the first to report on the • C, as reported in Ref. 19 . These latter samples have a n s ∼ 10 13 e/cm 2 . A KrF excimer laser (248 nm) was used to ablate the sintered targets with a fluence of 0.6 J/cm 2 at a frequency of 1 Hz, leading to a deposition rate of about one unit cell for ∼ 60 pulses. After deposition, the oxygen pressure was raised to 0.2 bar and the temperature maintained at 540 ± 10 • C for one hour, in order to ensure full oxidation [20] . Film growth was monitored in-situ by reflection high-energy electron-diffraction. The critical thickness required to undergo an insulator-to-metal transition was 4 u.c., as reported in Ref. 4 . Our conducting interfaces had a LAO thickness between 4 and 5 u.c.
For ab-initio calculations we used an advanced variant of density functional theory, i.e., the variational pseudo self-interaction correction (VPSIC) [21] capable of correcting the imperfect description of standard local-density functionals and reproduce the band-gap of oxide-based systems and the band alignment at the LAO/STO interface [6] . The different carrier density regimes are described starting from the insulating interface (i.e. for LAO thickness smaller than 4 u.c.) and, while keeping the LAO thickness fixed, introducing an increased amount of electron charge in the system, and leaving the system to fully relax to its structural and electronic ground state (in practice mimicking a field-effect-induced charge accumulation). In this way we can monitor the evolution of the electronic properties due to very tiny and well defined changes of electron charge, comparable in magnitude with the Hall-measured values.
The measurements were performed at the soft-x-ray ARPES endstation of the Advanced
Resonant Spectroscopies (ADRESS) beamline [22] at the Swiss Light Source. The samples were transferred from the deposition chamber ex-situ without further annealing in vacuum.
The beamline delivers a high photon flux, exceeding 10 We emphasize that no presence of in-gap states could be found in the samples at any hν (see Supplementary Materials also for results on the related La 0.5 Sr 0.5 Al 0.5 Ti 0.5 O 3 /STO heterostructure [23] ). These in-gap states, measured in bare STO [11, 13] and very recently also in the LAO/STO interface [18, 24] , appear at ∼1 eV below the Fermi edge, are resonant with Ti 3+ valence states, and are mainly due to surface-defects and impurity states related to oxygen vacancies [25] . These incoherent states are highly photosensitive, displaying an im- In panels (b) and (e) the calculated t 2g parabolic bands are shown. The color scale is the same as that shown in Fig. 1(b) .
The p-polarization results are shown in Fig. 3 . By symmetry, only the d xz band are expected to appear, thus here we superimpose only the calculated d xz band [magenta curve in Fig. 3(d) and (f) ]. Due to tetragonal symmetry, the d xz band bottom is degenerate with d yz , and its effective mass along k y is equal to that of d yz along k x . Thus, for the SD sample, photoemission displays a rather flat band enclosed in a cigar-shaped Fermi pocket of length k y ∼ 0.3Å −1 , in good agreement with the value 0.23Å −1 calculated for n s =6.5×10 13 e/cm 2 .
On the other hand, assuming again n s =2.6×10 13 e/cm 2 for the analysis of the LD sample, the calculated d xz band is completely above E F . Some d xy admixture shows up in the experiment because of finite acceptance of the analyzer, in the vicinity of the mirror plane.
The interpretation of these results can be understood from the band energies' theoretical evolution as a function of carrier density. First, it is important to realize that, while the in-plane effective masses of the t 2g bands are scarcely affected by the interface, their band bottom alignment with respect to E F , as well as their mutual band splitting, are crucially dependent on the overall amount of mobile charge in the system, as clearly shown in Fig. 4 
